O ne hundred years ago the first description of exfoliation syndrome (XFS) was presented by John Gustaf Lindberg (1884 Lindberg ( -1973 in his doctoral thesis, while he was still a resident in ophthalmology (Fig. 1) . 1 The subject of Lindberg's research was suggested by his teacher Prof Ernst Blessig . Blessig studied glaucoma and was then the director of the University Eye Hospital of St Petersburg. At the time of the Russian Revolution, Lindberg returned to Helsinki in 1917 in the newly founded Republic of Finland, and Blessig escaped to Tartu, Estonia in 1920, where he was appointed professor and head of the University Eye Department.
The rationale for Lindberg's work was based on Theodor Axenfeld's (1867 Axenfeld's ( -1930 observations presenting the astonishingly weak reaction to common mydriatics often seen in senile eyes. 2, 3 Lindberg described this finding as being related to hyaline degeneration of the pupillary border and independent pigment atrophy or depigmentation of the visible border of the posterior iris layer. He referenced earlier observations made by Ernst Fuchs (1851 -1930 , 4 Josef Meller (1874-1968),5 and Richard Seefelder (1875 Seefelder ( -1949 .
: "Affected are eyes of older individuals, sclerotic walls of the pupillary margin vessels can be observed in the region of the pigment epithelium deficiency. So with an accurate and undisturbed clinical examination, in the place of the normal brown pigment region a narrow strip of bright tissue would be observed." Seefelder observed enlarged iris stromal tissue, with some vessels thickened or sclerotic. He believed that this process was a symptom of senile degeneration and was a result of general sclerosis of the blood vessels, including that of the uvea. He claimed that it was associated with proliferation of the perivascular tissue, particularly of the pupillary border.
The to XFS. The "homogeneous hyaline character" and "appearance resembling hyaline cartilage" do not necessarily match findings in XFS. Furthermore, infiltration of the iris sphincter by round cells and inflammation are not typically found in XFS.
LINDBERG'S FINDINGS
Lindberg presented an observational study on a series of 202 patients being categorized into 3 groups: (1) normal individualsmean age of 61 years and of 60 years in those with a completely intact pupil border; (2) patients with nuclear cataract-mean age of 62 years; (3) patients with subcapsular cataract-mean age of 63 years (Fig. 3) . Slit-lamp biomicroscopes were not commercially available at that time. Lindberg used a Zeiss corneal microscope and a Nernst bulb with an astigmatic lens incorporated in a Gullstrand slit lamp for illumination. Before the examination the patient received solutions of 1% homatropine and 3% cocaine topically. The red reflex was evaluated by transillumination through the eyelid with the Sachs lamp. When evaluating the hyaline degeneration of the pupillary border, Lindberg 1 described his findings as "fringe" or "fringing" of the pupillary border. It consisted of small whitish-gray or blueish-gray scales, seen from the outermost part of the pupillary border. 
A B C SUBSEQUENT OBSERVATIONS
Four years after Lindberg, Alfred Vogt (1879-1943) presented an eye with XFS and remnants of the pupillary membrane (Fig.  4) . 7 In the description of the image, he focused on the remnants of the pupillary membrane. However, he failed to mention the presence of the exfoliation material. In the following years, both Vogt and Birger Malling (1884-1989) published more exhaustive descriptions of this condition. Vogt 8, 9 claimed that the material came from the anterior lens capsule and described a light blue pupillary margin with membranes on the anterior lens capsule ("hellblauer pupillensaumfilz mit hautchenbildung auf der linsenvorderkapsel") in 16 cases (9 with glaucoma) in 1925 and exfoliation of the anterior lens capsule ("abschilferung der linsenvorderkapsel") in 1926. Malling observed brownish and gray precipitates on the pupil in eyes with iritis or cyclitis. The brown precipitates were likewise identified on the cornea, and an association with glaucoma was proposed. The precipitates formed a membrane, lying on the anterior part of the lens, being gray and very thin. Malling 10 observed that the edge is grayer and the border unequally corrugated. Although Lindberg provided a copy of his thesis to Vogt and Malling, they failed to cite his findings in their descriptions.
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Others referred to his observations; however, they considered them as reports from Scandinavian literature.
12-14 Hørven 13 doubted the significance of Lindberg's work, mainly because it did not arouse any attention and was not mentioned by the authors who later dealt with the subject. Consequently, Lindberg's study was forgotten for several years.
The first to perform light microscopy on an eye with XFS was Archimede Busacca (1893 Busacca ( -1971 . The substance on the lens consisted of small bush-or mushroom-shaped excrescences that were additionally found on the peripheral parts of the capsule. He described a "glashaut" covering the anterior and posterior iris surface. 15 Busacca 15 found that this material covered the capsule and seemed to peel or exfoliate from the anterior surface of the lens. However, the capsule itself had no visible symptoms of disturbance. No splitting or exfoliation of the lens capsule per se could be observed (Fig. 5) . Subsequently, this material was named "Busacca deposits". Further studies concentrated not only on the exfoliation material on the surface but also in the aqueous or iris.
Interesting observations were presented by Bey, 16 who described a gray zone of the pupil occupying 1-2 mm in breadth in an elderly man's eye enucleated because of rise in tension. In microscopic sections, no capsular changes were found. The tissues of the tip of the iris were rarefied and devoid of pigment cells, and the end of the sphincter was poorly covered with connective tissue. The deposits of granular substance looked like fibrin and were not found only on the back of the iris but also extended up to the ciliary body. He examined a total of 48 eyes of 24 patients (the youngest being 55 years old) and found pupillary masses, high tension, glaucoma, and cataract in 90%, 45%, 54%, and 39% of eyes, respectively. He noted that not all of the optic discs showed cupping.
In an early review of the subject, Bellows 17 referred to senile exfoliation of the lens. He stated that it usually occurs in the sixth and seventh decade and is associated with cataract and glaucoma. Furthermore, he proposed the term capsular glaucoma and described the prevalence of glaucoma as 14-90% in eyes with exfoliation. The flakes were to be carried out to the anterior chamber angle and deposited on the trabeculum, interfering with the drainage of aqueous humor.
Primarily, it was believed that XFS is a degenerative process confined to the older age groups. The pathogenesis had not been defined, but the association with advanced age was evident. In 1 study only 14 out of 150 patients were under 60 years, and all of them were older than 40 years. 13 Later, a case report of a 31-yearold white female with XFS in an eye with juvenile glaucoma was published.
18 However, a 17-year-old girl with unilateral congenital glaucoma who had undergone trabeculectomy and peripheral iridectomy in infancy and developed apparent XFS in the eye that underwent the surgical procedures might be the youngest case. 19 
EXFOLIATION VERSUS PSEUDOEXFOLIATION
The first to introduce the term pseudo-or false exfoliation of the lens capsule to differentiate this entity from true exfoliation was an American ocular pathologist with Czech ancestry, Georgiana Dvorak-Theobald (1884-1971). 20 Her remarks were based on histopathological specimens from 3 enucleated blind painful eyes with "wide-angle glaucoma with exfoliation of the lens capsule." She wrote of her observations: "Pathologically these cases did not show exfoliation of the lens capsule but rather precipitates or accretions of an unknown substance in the anterior segment." On the contrary, in true exfoliation the superficial portion of the lens capsule splits from the deeper layer into the anterior chamber. This "true" exfoliation occurs in persons exposed to extreme heat over a long period of time, classically described in glassblowers. Dvorak-Theobald 20 concluded that pseudoexfoliation is related to glaucoma and true exfoliation is related to certain forms of cataract. She did not commit herself to the origin of the observed flecks and stated that the nature of this material was unknown. However, with moderately positive staining with periodic acid and in the Schiff and Millon tests, she assumed that mucopolysaccharides and tyrosine were present. This finding was supported by Arnesen et al, 21 who found that the deposits specifically stained for mucopolysaccharides but probably do not contain hyaluronic acid. Furthermore, they found that the deposits do not consist of collagen and are not of the same chemical constitution as the lens capsule itself. did not find acid mucopolysaccharides in or on the lens capsule. However, these authors still classified the pathological substance as a "fibrillopathy". A large content of the amino acids tyrosine and tryptophane was identified, a lesser amount of α-amino acids, and reactions for arginine and cysteine-cystine were negative. In newer studies the increased synthesis and altered metabolism of glycosaminoglycans was claimed to be the underlying cause of XFS. 24 However, the precise molecular composition of the deposits is still unknown.
An alternative term exfoliation syndrome was proposed by Sunde.
25 He claimed that a proximity, or contact, between the iris and lens surface might be a necessary condition for the formation of granular exfoliative material on the anterior lens surface. He believed that the exfoliation material might be torn from the anterior surface of the lens during pupillary dilation. He reported 2 cases in which an iris coloboma was present before development of the XFS. With manifestation of the XFS, the exfoliation material was found on the anterior lens capsule only behind the iris, but not in the coloboma area.
The development of electron microscopy enabled more thorough analysis of this issue. Blackstad et al 26 reported that the exfoliation material is heterogeneous, with the periphery of the tufts containing a various number of thin fibers and filaments. These filaments contained no periodicity and had various lengths, with rarely seen free ends. Thus, they presented the idea that the deposits represent a product, or precipitate, from the aqueous humor. They believed that at the electron microscopic and the light microscopic level, the deposits have a very characteristic structure; they were not merely desquamated material from the lens or zonular fibers, but structures formed de novo.
Bertelsen et al 27 believed that the senile exfoliation on the anterior lens capsule is produced by secretion of the epithelial cells of the lens. In 1964, they demonstrated by thorough observations of the lens capsule, that the lens epithelium possessed many pits from which flame-shaped bundles of coarse fibrils projected into the deep portion of the lens capsule. These bundles of fibrils were a characteristic constituent of an extra layer of the lens capsule (the amorphous layer), also visible with the light microscope, located between the epithelium and the normally present layer of the capsule (the fibrillar layer). In a later study, they noted that the deep layer is distributed in islands and is found exclusively in the germinative zone, being always in contact with the underlying epithelial cells or newly formed lens fibers. 23 Ashton et al 28 demonstrated an important structural abnormality in the deep layer of the lens capsule in the region of the anterior equator. This band was clearly demonstrated in all specimens with exfoliation and seemed to be specific for this condition, having been found both by electron microscopy and conventional histology in XFS, but not in other pathologic conditions examined. The filaments and granules in this band closely resembled those of the exfoliation material. Therefore, this region was to be considered a possible point of origin of exfoliation.
Later, Ringvold 29 identified the exfoliation material in the iris stroma, around fibroblast-like cells, and in the intercellular space of the iris sphincter and dilator muscles, altering these regions.
The apical pigment cells showed numerous cytoplasmic processes towards the posterior chamber. These observations confirmed the interpretation that the appearance of exfoliation material reflects changes in the synthesis of collagen or formation of fibrillar aggregates. The microfibrillar system incorporating fibrillin contributes to ocular tissue integrity, providing both strength and flexibility. 30 With that, exfoliation deposits were found in the microfibrillar bundles of the stromal connective tissue of the cornea, iris and lens capsule, trabeculum, the corneal spur, and conjunctiva. These findings confirmed the hypothesis of the intrinsic origin of fibers.
Eagle et al 31 argued that, besides accumulation of the material, there is some splitting of the capsule epithelium. This material was to be represented by abnormal basement membrane secretions. Therefore, the term basement membrane exfoliation syndrome was proposed. Furthermore, these authors observed that this exfoliation material is not limited to ocular tissues. Masses of typical exfoliation material were also observed in orbital tissues adjacent to the posterior pole of the globe, external to the outer surface of the muscular coat of the short posterior ciliary artery. Furthermore, typical fibrils of exfoliation material were present adjacent to the basement membrane of smooth muscle cells. In these places, the muscular basement membrane appeared fragmented and reduplicated.
Another concept was that exfoliation material was initially formed by degenerative endothelial cells and that it becomes subsequently buried by overgrowing cells. 32 This concept was supported by finding tufts of exfoliation material incorporated in the endothelium and Descemet membrane in corneas with Fuchs endothelial dystrophy or exfoliation glaucoma. However, Ringvold 33 argued that these findings referred to aqueous-borne iris or the ciliary body pigment epithelial cells growing on denuded Descemet membrane. He supported this view by the fact that the supposedly exfoliation-producing cells look similar to pigment epithelial cells and are very different from the corneal endothelium.
Subsequent studies provided evidence for the systemic character of XFS. 34, 35 With the use of transmission high-resolution microscopy, exfoliation fibers were observed in the heart, kidney, liver, skin, gallbladder, and cerebral meninges. These deposits were found mainly in connective tissue portions or septa crossing the various organs, commonly in the perivascular region. This might suggest that the material originates with connective tissue fibroblasts, along with smooth, striated, and heart muscle cells. The most common systemic association of XFS is with ischemic disease, particularly with transient ischemic attacks, aortic aneurysm, renal artery stenosis, and abdominal aortic aneurysm. 36 Interestingly, the prevalence of XFS among diabetic patients is reported to be lower than that in the general population. 37, 38 Several studies presented a possible association between XFS and cognitive dysfunction, Alzheimer disease, or cerebrovascular diseases. 36 Another finding is a common sensorineural hearing loss in patients with XFS. 36 
CLINICAL SIGNIFICANCE
It was reported that exfoliation might manifest in zonular instability. 39 High-resolution microscopy revealed characteristic alterations of zonular fibers at their attachment to the ciliary body, www.apjo.org | 59 to the anterior lens capsule, and in the pars plicata. The accumulation of exfoliative deposits adjacent to the ciliary processes and anterior lens capsule was associated with subsequent zonular rupture.
Although XFS might manifest solely in 1 eye, it is actually asymmetric. 40 If XFS is present clinically in 1 eye, electron microscopy reveals exfoliation material in the conjunctiva and iris of the clinically uninvolved fellow eye. With that, the deposits are commonly present adjacent to the blood vessels of the iris, even before they could be seen in the posterior chamber. This suggests that iris blood vessels become abnormal early in the process.
A genome-wide search in Scandinavian populations from Iceland and Sweden revealed nucleotide differences in the 15q24.1 region to be associated with glaucoma in 99% of affected patients and confined to exfoliation glaucoma. Two nonsynonymous single-nucleotide polymorphisms of the lysyl oxidase-like 1 gene (LOXL1) in exon 1 manifest the risk of exfoliation glaucoma mainly through XFS. 41 The LOXL1 gene encodes proteins essential to the biogenesis of connective tissue, particularly catalyzing the formation of crosslinks in collagen and elastin. Individuals carrying 2 copies of this high-risk haplotype on both corresponding homologous chromosomes (ie, the high-risk diplotype) would have a 700 times increased risk of developing the disease than those carrying the low-risk haplotype. Compared with the general population, the risk of developing XFS is about 2.5-fold; however, up to 25% of the control population might carry the high-risk diplotype.
42 Subsequent studies confirmed genetic susceptibility of LOXL1 polymorphisms to XFS/glaucoma and verified the LOXL1 gene as a major genetic risk factor for this condition worldwide. Recently, Aung et al 43 presented an association between a new locus (CACNA1A rs4926244) coding for a subunit of the voltage-gated calcium channels and increased susceptibility to XFS. Additional association signals were identified at 13q12 (POMP), 11q23.3 (TMEM136), 6p21 (AGPAT1), 3p24 (RBMS3), and 5q23 (near SEMA6A). 44 On the other hand, a rare protective allele at LOXL1 (p.Phe407) might have an overall upregulating effect on the extracellular matrix components such as elastin and fibrillin.
44 Risk alleles associated with XFS might differ among ethnic groups; for example, reversal of the promoter risk allele was shown in Japan, South India, and South Africa. [45] [46] [47] [48] A diminished capacity for degradation of denatured protein and aging cellular organelles may underpin the development of extracellular protein aggregates. Fibroblasts derived from tenon tissue discards of XFS patients are larger, proliferate slower, and are morphologically different to primary open-angle glaucoma counterparts without XFS. 49 Mitochondrial decay implies a decrease or complete loss of the inner mitochondrial membrane potential, whereas diminished or defective autophagy may lead to reduced clearance of decaying mitochondria with all its implications for cell health. Build-up of nonfunctioning mitochondria, increased oxidative stress, and interferences with microtubule dynamics result in further autophagy impairment as in other lyso somal diseases. In several aspects fibroblasts in XFS present features observed in age-related neurological disorders such as Alzheimer, Huntington, and Parkinson.
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Once thought to be peculiar to Scandinavia, Aasved 51 found little difference in the prevalence in geriatric homes in Norway, England, and Germany. Presently, XFS has been found in every race and ethnic group in which it has been looked for, except in Eskimos. 52, 53 The reason for true differences in predominance
